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[11 A fully coupled meteorology-chemistry-aerosol mesoscale model (WRF-Chem) is
used to simulate a multiday biomass burning event in the dry season of South America.
The effects of biomass burning aerosols on clouds and precipitation are described at
both 36 km and 4 km horizontal resolutions. The dominant effect of the aerosols is to
reduce the diurnal amplitude of convection by decreasing clouds and precipitation in
the afternoon but increasing them at night, with the afternoon decrease greater than the
nighttime increase on the daily mean. On average, the decrease of surface precipitation is
about 5% (3%) and the amplitude of diurnal cycle is reduced by about 11% (5%) in the
36 km (4 km) simulations. Such a modulation of clouds and precipitation is primarily
contributed by the aerosol radiative effect, i.e., their ability to scatter and absorb solar
radiation. The aerosol microphysical effect as cloud condensation nuclei tends to act
oppositely to the aerosol radiative effect but with a smaller magnitude, especially in the
simulations at 36 km horizontal resolution. The 4 km resolution runs exhibit similar
behaviors to the 36 km simulations, with a slightly stronger role of the aerosol microphysical
effect relative to the aerosol radiative effect. We find another important effect of biomass
burning aerosols. When uplifted into the upper troposphere by deep convection, they can

significantly warm the upper troposphere through their local radiative heating effect
and result in significant moistening in the upper troposphere, potentially affecting the
water vapor transport from the troposphere to the stratosphere.

Citation: Wu, L., H. Su, and J. H. Jiang (2011), Regional simulations of deep convection and biomass burning over South
America: 2. Biomass burning aerosol effects on clouds and precipitation, J. Geophys. Res., 116, D17209,

doi:10.1029/2011JD016106.

1. Introduction

[2] During the dry season of South America, biomass
burning events inject a large amount of aerosols, mainly
black carbon (BC) and organic carbon (OC), into the
atmosphere. These aerosols can affect local weather and
climate by two mechanisms: radiative and microphysical
effects [Kaufman and Koren, 2006; Rosenfeld et al., 2008].
The aerosol radiative effect is associated with the scattering
and absorption of solar radiation. Aerosols can scatter the
incoming solar radiation and cool both the surface and the
atmosphere [Charlson et al., 1992; Kiehl and Briegleb,
1993]. Absorbing aerosols, such as dust and BC, can also
absorb solar radiation, which in turn heat the local atmo-
sphere and possibly reduce cloud formation [Hansen et al.,
1997; Koren et al., 2004]. The microphysical effect refers to
aerosols serving as cloud condensation nuclei (CCN) and
cloud ice nuclei (IN). By changing the size distribution of
cloud droplets and ice particles, aerosol may affect internal
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cloud microphysics, cloud radiative properties and precipi-
tation efficiency, thus affect the atmospheric hydrological
cycle and energy balance [Twomey, 1977; Jiang and
Feingold, 2006; Rosenfeld et al., 2008]. The radiative and
microphysical processes can also interact with each other
and produce complicated aerosol effects on weather and
climate system [Koren et al., 2008; Tao et al., 2007].

[3] Aerosols are distributed inhomogeneously in the hor-
izontal and vertical, affected strongly by emission sources
and atmospheric conditions. Accurate simulations of acrosol
effects require fully coupled models for meteorology, chem-
istry and aerosols. However, many previous global and
regional modeling studies were conducted with prescribed
aerosols or simple modules without detailed gas-phase
chemistry, aerosol microphysics, and aerosol-cloud interac-
tions [e.g., Tao et al., 2007; Zhang et al., 2008; Martins et al.,
2009]. The development of the Weather Research and Fore-
casting model with Chemistry (WRF-Chem) provides us a
useful tool to tackle the aerosol-cloud-precipitation interac-
tions more realistically than before. Gustafson et al. [2007]
showed that a fully coupled WRF-Chem can capture
regional cloud variations better than uncoupled models.

[4] On short time scale, the diurnal cycle of solar radiation
is a key driver for the local energy and water cycle variabilities.
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Table 1. Experiment Description

Experiment Identification Experiment Description

PC36
CC36

Polluted Case at 36 km resolution.

Clean Case at 36 km resolution.
The biomass burning emission
is turned off.

Polluted Case at 36 km resolution
without the radiation feedback
from aerosol.

Polluted Case at 36 km resolution
without the radiation feedback
from aerosol in the upper
troposphere above model level 17
(~337 hPa).

Polluted Case at 4 km resolution.

Clean Case at 4 km resolution.
The biomass burning emission
is turned off.

Polluted Case at 4 km resolution.
Without the radiation feedback
from aerosol.

PCNR36

PCNR36_UT

PC4

CC4

PCNR4

By modifying the incoming solar radiation, aerosols can
modulate the diurnal changes of convection and cloud for-
mation. In a WRF-Chem simulation over West Africa, Zhao
et al. [2011] showed that dust reduced precipitation in late
afternoon and increased precipitation at night and early
morning by changing atmospheric stability. The decrease of
daily mean precipitation was ~4% (0.17 mm/day). With
an optimal geographical distribution of aerosol optical thick-
ness (AOT) from the combination of the Moderate Resolu-
tion Imaging Spectro-radiometer (MODIS) retrievals and
the Goddard Chemistry Aerosol Radiation and Transport
(GOCART) model simulations, Zhang et al. [2008] investi-
gated the radiative effect of biomass burning aerosols on
the diurnal cycles of surface fluxes and planetary bound-
ary layer (PBL) depth over South America. They found
that aerosol radiative effects decreased clouds in the PBL
and shifted the maximum changes of surface flux and
the PBL depth to late morning. The strong absorption of
solar radiation by aerosols was found about 2 to 3 km above
the surface.

[5] In this study, the WRF-Chem model with fully coupled
meteorology-aerosol-chemistry interactions is used to study
biomass burning aerosol effects on clouds and precipitation
in the dry season of South America. As described in the
companion paper [Wu et al., 2011], the South American
region is chosen because previous observational data anal-
ysis [Jiang et al., 2008] suggested a possible aerosol effect
on the precipitation and cloud properties there. Our model
simulations will address both aerosol radiative and micro-
physical effects by a series of sensitivity experiments. The
model description and experiment design are documented
in section 2. The impacts of aerosols on clouds and pre-
cipitation at 36 km resolution are discussed in section 3.
Aecrosol effects in the 4 km simulations are shown in section 4.
section 5 is conclusion and discussion.

2. Model Description and Experiment Design

[6] Weusethe WRF-Chem [Grell et al., 2005] Version 3.1.1
in this study. The details of model physical parameteriza-
tion setups are documented by Wu et al. [2011]. Based on
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the fire locations from the geostationary NOAA weather
satellite (GOES) fire data set WF_ABBA (www.nrlmry.
navy.mil/flambe/index.html), biomass burning emissions are
generated from the Brazilian Biomass Burning Emissions
Model (3BEM), then injected into the atmosphere simulated
by a plume rise model [Freitas et al., 2005; Grell et al.,
2011]. Through a modal approach to representing the aero-
sol size distribution (Aiken, accumulation and coarse modes),
aerosol evolution is simulated by the Regional Acid Depo-
sition Model Version 2 (RADM?2) [Stockwell et al., 1990]
photochemical mechanism coupled with the Modal Aerosol
Dynamics Model for Europe (MADE/SORGAM) [Ackermann
etal., 1998; Schell et al., 2001] acrosol mechanism. Aerosols
are treated as “cloud borne” or “interstitial” based on whether
they are activated to form clouds droplets [Ghan and Easter,
2006]. Aerosol activation follows the methodology used in
the Megacities Impact on Regional and Global Environment
(MIRAGE) general circulation model [Abdul-Razzak and
Ghan, 2000, 2002; Ghan et al., 1997, 2001a, 2001b; Zhang
et al., 2002]. Aerosol radiative effects are included through
feedback from the aerosols to the Goddard shortwave radia-
tion scheme [Chou and Suarez, 1994; Fast et al., 2006;
Barnard et al, 2010]. By predicting the cloud droplet
number concentration based on aerosol number concentra-
tion in the Lin et al. microphysics scheme [Chen and Sun,
2002; Ghan et al., 1997], aerosol microphysical effects are
included in the WRF-Chem [Chapman et al., 2009]. The
autoconversion of clouds to rain is also included based on
the cloud droplet number [Liu et al., 2005]. More details on
the interactions between aerosols and clouds are provided by
Gustafson et al. [2007], Chapman et al. [2009], Barnard
et al. [2010] and Grell et al. [2011].

[7] The experiment design is listed in Table 1. The control
simulation at 36 km horizontal resolution (Polluted Case,
PC36) is initialized at 0000 UTC 15 September 2006 and
run for 9 days. Considering the spin-up process in the first
24 h, our analysis starts from 0000 UTC 16 September 2006
for an 8-day period. The analysis is focused on the region
where biomass burning occurred [Wu et al., 2011, Figure 1a].

[8] The control simulation at 36 km resolution (PC36)
has been evaluated with multisatellite observations and the
results are detailed by Wu et al. [2011]. It has been shown
that the model simulation at 36 km resolution reasonably
reproduces the distribution and intensity of aerosols. The
simulated precipitation agrees with the Tropical Rainfall
Measuring Mission (TRMM) 3B42 data set, in both mag-
nitude and temporal variation, although the precipitation
locations are somewhat shifted. The spatial distribution of
clouds is approximately reproduced although the magnitude
of ice water content (IWC) and outgoing longwave radiation
(OLR) at the top of the atmosphere (TOA) is weaker than
observations. Given the reasonable performance of the model
simulation, we are confident to use the model to examine
aerosol effects on clouds and precipitation.

[v] Two sensitivity experiments are conducted at 36 km
resolution. The biomass burning emission is turned off in
the Clean Case (CC36) run (Table 1). Since the biomass
burning emission is the primary source of aerosols (con-
tributed to 76% of the AOT at 600 nm) in this study, the
CC36 case is referred to as the clean environment. The total
biomass burning aerosol effects can be evaluated by the
difference between the PC36 and CC36 simulations. In the
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Figure 1. Domain-averaged difference of aerosol extinc-
tion coefficient (km ') between PC36 and CC36. Vertical
black line is at 1500 UTC 20 September, 2006. Horizontal
tick marks correspond to 0000 UTC, which is 20:00 P.M.
one day before in local time (LST).

Polluted Case with No Radiation feedback (PCNR36) case
(Table 1), the radiative feedback from aerosols to the radi-
ation scheme is turned off so that the radiative effect of the
aerosols (difference between the PC36 and PCNR36 simu-
lations) can be accessed. The PCNR36 minus CC36 thus
indicates mainly the microphysical effects of biomass
burning aerosols although the radiative effects of non-
biomass burning aerosols are present in CC36 but consider-
ably small.

[10] At 36 km resolution, parameterized convection from
the cumulus scheme contributes to the majority (89%) of
surface precipitation while the remaining (11%) is contrib-
uted from the microphysical scheme [Wu et al., 2011].
Aerosols effects as CCN are explicitly included in the Lin et
al. microphysical scheme while they are not explicitly
treated in the cumulus parameterization. Thus, we conduct
similar sets of experiments at 4 km grid resolution, in which
only the microphysical scheme is active. Due to computa-
tional constraint, the 4 km simulations are run with a smaller
domain (inner domain of Figure la from Wu et al. [2011])
and a shorter time span (3 days). No cumulus scheme is
used in all 4 km simulations. As shown by Wu et al. [2011],
the control simulation at 4 km resolution (PC4) produced
similar results to the 36 km control simulation (PC36).
However, the 4-km simulated hydrometeor profile in the
upper troposphere is closer to the Microwave Limb Sounder
(MLS) observation while the 4-km surface precipitation has
a high bias compared to the TRMM 3B42 rainfall product
and the PC36 simulation.

3. Aecrosol Effects at 36 km Resolution

3.1. Overall Effects in the 8-Day Simulation

[11] Figure 1 shows the domain-averaged difference in
the aerosol extinction (AE) coefficient profiles between the
PC36 and CC36 cases. The biomass burning event injects
a large amount of aerosols into the atmosphere. The evo-
lution of aerosols shows a clear signal of diurnal variation
during the entire simulation period. The aerosols peak in
the morning and are concentrated around 850 hPa. As time
progresses, the aerosols are transported upward. From
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1500 UTC 20 September (black vertical line in Figure 1) to
the end of the simulation, a secondary maximum of
aerosol layer is shown around 600 hPa. Between 300 hPa
and 125 hPa, there is a distinct layer of aerosols, albeit
with weak amplitude compared to the lower layers.

[12] The temperature difference between PC36 and CC36
runs shows the aerosols cool the surface and PBL while
warm the local atmosphere where they reside (Figure 2a). A
weak cooling is shown around 350 hPa, likely due to the
changes in clouds as we discuss later. After 1500 UTC
20 September when the aerosols are transported to the upper
troposphere, a relatively strong warming with a maximum
of 0.39 K is produced in the upper troposphere around
200 hPa, collocated with the distinct aerosol layer. The
ascending motion in the PBL (below 800 hPa) is suppressed
in the afternoon (Figure 2b). In the middle and upper layers
(above 800 hPa), the upward vertical velocity is enhanced in
the afternoon but decreased at night. After 1500 UTC 20
September, the enhancement of ascent in the upper tropo-
sphere is further amplified, collocated with the distinct
aerosol layer and intensive warming in the upper troposphere.

[13] The changes of the moisture profiles (Figure 3a)
roughly follow the temperature changes. From 0000 UTC 16
September to 1500 UTC 20 September, increased moisture is
shown in the middle layers below 500 hPa corresponding to
the warming while reduced moisture is shown in higher
altitudes between 500 and 200 hPa (Figure 3a). After Sep-
tember 20, significant drying and moistening occur around
300-500 hPa and above 300 hPa, respectively. The moist-
ening reaches above 100 hPa with the amplitude up to 11%
relative to the clean case.

100 F T T [ Y T T =
a 300 |-
< 400 -
5500 -
2600 -
£ 700 -
800
o0 M), smamssim A
i6 17 18 19 20 21 22 23 24
Day in Sep.
T(k)
-2 0 2
100 F I ] I T I I —
200 rn _
& 300 ’ ' ~
£ 400 3
2500 = 4
@ 600 1
o 700 | ‘ .
o 800 2
900 _(b)| | | | 1 A | |
i6 17 18 19 20 21 22 23 24
Day in Sep.
W(mm/s)
-18-9 0 9 18

Figure 2. Domain-averaged difference between PC36 and
CC36: (a) temperature (K); (b) vertical velocity (mm s ).
Tick marks as Figure 1.
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Figure 3. Domain-averaged relative difference of moisture
(%): (a) between PC36 and CC36; (b) between PCNR36_UT
and CC36. Tick marks as Figure 1.

[14] Increased aerosols in the PC36 run produce increased
liquid clouds in the PBL below 825 hPa with the maximum
increase occurring in the early morning (Figure 4). In the
middle layers above 825 hPa, liquid clouds decrease in the
afternoon but increase at night. There is also a tendency for
ice clouds to decrease in the evening but to slightly elevate
to a higher altitude in the early morning, especially after
1500 UTC 20 September.

[15] Affected by the biomass burning aerosols, surface
precipitation is decreased by up to 0.15 mm (25%) com-
pared to the clean case in the afternoon and increased by less
than 0.04 mm (11%) in the midnight and early morning,
suggesting a modulation of precipitation process by the
aerosol effects (Figure 5). The increase of precipitation in
the midnight and early morning is somewhat weakened after
1500 UTC 20 September. On the 8-day average, surface
precipitation is reduced by about 5% and the amplitude
(standard deviation) of precipitation diurnal cycle is reduced
by about 11%. The aerosol impact on precipitation is con-
sistent with findings of Zhao et al. [2011] except that they
focused on the effects of African dust.

[16] For the radiative fluxes, aerosols reduce downward
shortwave fluxes reaching the surface (SWDOWN) with the
maximum reduction occurring at 1500 UTC 22 September
(Figure 6a). OLR at TOA increases in the afternoon and
slightly decreases in the early morning (Figure 6b), consistent
with the changes of high-level ice clouds (see Figure 4).
Averaged over the 8-day simulations, the SWDOWN
decreases by 15.90 W m > while the OLR increases by
0.12 W m 2,

[17] Overall, modest changes in clouds and precipitation
as well as atmospheric temperature, water vapor and vertical
motion are produced when biomass burning injects aerosols
into the troposphere. Over the 8-day period, a clear diurnal
variation of clouds and precipitation changes due to the
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increasing aerosols is present. Since the aerosol distribu-
tions and associated convective responses demonstrate dis-
tinctly different characteristics before and after 1500 UTC
20 September, we divide the simulation period into two
phases, one from 0000 UTC 16 September to 1500 UTC
20 September, and the other from 1500 UTC 20 September
to 0000 UTC 24 September. For each phase, we select one
day to analyze in detail the aerosol effects on the diurnal
cycle of the atmospheric system. In the first phase, we
select the time period from 1500 UTC 19 September to
1500 UTC 20 September. In the second phase, we choose
the time period from 1500 UTC 21 September to 1500 UTC
22 September for detailed analysis. Fan et al. [2009] showed
that the impact of aerosols on deep convective clouds can
be different under different vertical wind shear and other
ambient synoptic conditions. Since the synoptic conditions
before and after 1500 UTC 20 September are not signifi-
cantly different, the impact of varying synoptic conditions
on aerosol effects may be secondary.

3.2. Detailed Analysis for the First Phase

[18] As shown in the Figure 1, the AE shows maximum
around 850 hPa in the morning of 19 September. Owing
to the absorption of solar radiation by biomass burning
aerosols, a maximum warming occurs around 750 hPa at
14:00 P.M. local time (Figure 7a). With the increased tem-
perature, the middle-level clouds partly evaporate (Figure 7c),
giving rise to increased moisture in the middle layer between
750 and 600 hPa (Figure 7¢). Serving as CCN, the biomass
burning aerosols led to the increase of cloud water mixing
ratio and cloud droplet number concentration throughout the
24-h period in the first phase (Figure 7d and 7f). As the
decrease of middle-level clouds caused by the aerosol
radiative effect overcomes the increase of clouds due to the
aerosol microphysical effect, the net decrease of middle-
level clouds is produced in the afternoon (Figure 7b). Due to
the aerosol absorption of solar radiation, the warming of
middle layers causes increased vertical ascending motion in
the afternoon, with maxima around 400 hPa (Figure 7a).
Collocated with the enhanced vertical ascent, moisture is
transported upward, yielding a moistening from 300 hPa to
100 hPa and a drying between 600 and 300 hPa (Figure 7e).
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Figure 4. Domain-averaged difference of clouds (mg kg ™)
between PC36 and CC36. Color shadings are liquid clouds.
Color contours are ice clouds with 0.1 mg kg ' interval;
zero line is not shown. Yellow indicates positive values
and cyan indicates negative values. Tick marks as Figure 1.
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[19] Aerosols also scatter the incoming solar radiation.
Both scattering and absorption decrease the solar radiation
reaching the surface, resulting in cooling at the surface and
in the PBL in the afternoon (Figure 7a). Such cooling sup-
presses the vertical ascent in the PBL (Figure 7a) while it
slightly increases the boundary layer clouds (Figure 7c) due
to the increase of relative humidity.

[20] The decrease of middle-level clouds in the afternoon
affects the upper-level clouds and precipitation processes in
the afternoon and evening (Figure 7). In the evening around
20:00 P.M., a decrease of ice clouds occurs (Figure 7b)
partly because less liquid clouds are available to be uplifted
above freezing level to form ice clouds. The decrease of
moisture between 300 hPa and 600 hPa (Figure 7¢) may also

contribute to the decrease of ice clouds. The air temperature
around 350 hPa decreases (Figure 7a) due to reduced latent
heat release from ice formation.

[21] When the warming of the atmosphere due to the
absorption of solar radiation is not active at night, there is a
slightly suppression of upward motion in the middle layers
with the peak suppression around 23:00 P.M. (Figure 7a)
and an increase of middle-level clouds (Figure 7b), due to
the combined aerosol radiative and microphysical effects
(Figures 7c¢ and 7d). The aerosol radiative effect increases
moisture availability at night (Figure 7e) owing to the
evaporation of clouds in the afternoon (Figure 7c), while the
microphysical effect facilitates cloud formation by provid-
ing CCN (Figure 7d). The increase of liquid clouds in the
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Figure 6. Domain-averaged difference of radiation fluxes (W m ). (a) SWDOWN;; (b) OLR at TOA.

Tick marks as Figure 1.
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Figure 7. Aecrosol effects in the first phase. (a) Aerosol total effects on temperature (color; K) and ver-
tical velocity (contour with interval by 0.2 mm s '; ; zero line is not shown): difference between PC36 and
CC36; (b) aerosol total effects on clouds (mg kg '): differences of liquid (color) and ice (contour with
interval by 0.1 mg kg '; zero line is not shown) clouds between PC36 and CC36; (c) aerosol radiative
effects on clouds (mg kg 1: differences of liquid (color) and i ice (contour) clouds between PC36 and
PCNR36; (d) aerosol microphysical effects on clouds (mg kg '): differences of liquid (color) and ice
(contour) clouds between PCNR36 and CC36. (e¢) Aerosol total effects on moisture (%) in the first phase:
relative difference between PC36 and CC36. (f) Aerosol microphysical effect on cloud droplet number
concentration (# x 10° kg™"): difference between PCNR36 and CC36. Horizontal axis is local time on
Sep. 20, 2006.
middle layers leads to more ice clouds in the upper levels. aerosol effects to the first phase (Figure 7), including

The increase of moisture in the upper troposphere may also
help ice cloud formation. In addition, increasing aerosols as
CCN decrease the cloud droplet size so that smaller cloud
droplets can be transported to higher altitudes. Hence, an
increase of ice clouds is seen at night, peaking around
2:00 A.M. (Figure 7b). As shown in Figure 5, there is a small
increase of surface precipitation in the early morning.
Enhanced precipitation reduces cloud water in the early
morning from 5:00 A.M. to 8:00 A.M. (Figure 7b). The
middle atmosphere experiences warming because of the
latent heat release of condensation (Figure 7a).

3.3. Detailed Analysis for the Second Phase

[22] In the second phase, more aerosols are transported
upward to the middle and upper troposphere while a lesser
amount of aerosol stays in the lower troposphere (Figure 1).
A distinct layer of aerosols is shown between 125 hPa and
300 hPa. The second phase (Figure 8) displays some similar

cooling of the PBL, warming of the middle atmosphere and
suppression of clouds in the afternoon, etc. However, it also
shows some different features from the first phase because
of the different aerosol concentration and elevation.

[23] Comparing to the first phase, the middle-layer aero-
sol warming effect in the second phase (Figure 8a) extends
to longer time with the maximum at a higher altitude. In the
second phase, the suppression of upward motion is delayed
to 5:00 P.M. and only enhanced in the evening and at night
(Figure 8a). The extended warming in the middle atmo-
sphere inhibits cloud formation (Figure 8c) throughout the
24-h period, while such cloud inhibition ceases around
23:00 P.M. in the first phase (Figure 7c).

[24] Although the concentration of aerosols is relatively
small in the upper troposphere between 125 hPa and
300 hPa, they can exert a strong heating to the atmosphere
because of the low air density there (Figure 8). Amplified
warming and ascending (Figure 8a) are shown in the upper
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Figure 8. Acrosol effects in the second phase. (a) Aerosol total effects on temperature (color; K) and
vertical velocity (contour with interval by 0.2 mm s '; zero line is not shown): difference between
PC36 and CC36; (b) aerosol total effects on clouds (mg kg '): differences of liquid (color) and ice (con-
tour with interval by 0.1 mg kg '; zero line is not shown) clouds between PC36 and CC36; (c) aerosol
radiative effects on clouds (mg kg '): differences of liquid (color) and ice (contour) clouds between PC36
and PCNR36; (d) aerosol microphysical effects on clouds (mg kg '): differences of liquid (color) and ice
(contour) clouds between PCNR36 and CC36. Horizontal axis is local time on Sep. 22, 2006.

troposphere collocated with the enhanced aerosol concen-
tration. The increased vertical motion transports more mois-
ture upward into the upper troposphere (Figure 3a), leading to
a moistening up to 11% between 300 and 125 hPa accom-
panied by a drying below 300 hPa (Figure 3a). Consequently,
an increase of cloud ice above 300 hPa is shown at night till
early morning (Figure 8c).

[25] In order to distinguish the radiative effect of the upper
tropospheric aerosols from the other aerosol effects, we
conduct an experiment in which only the aerosol radiative
effect in the upper troposphere is turned off (the PCNR36 _UT
case in Table 1) and the rest is the same as the control
experiment. Comparing Figure 3b with Figure 3a, we can see
that the amplified moistening in the upper troposphere is
mainly due to the aerosol radiative effect in the upper tro-
posphere but other aerosol effects also play a role. Current
model microphysical scheme does not treat aerosols as IN;
thus the aerosol microphysical effect in the upper troposphere
may be underestimated.

4. Acerosol Effects at the 4 km Resolution

[26] In order to minimize the uncertainties arising from
the cumulus scheme, which does not explicitly include
aerosol effects, we conduct similar sets of experiments at
4 km resolution for a shorter time period. In the 4 km
simulations, all clouds are explicitly produced from the
microphysical scheme. The 4 km simulations produce similar
aerosol distributions to the 36 km simulations (Figure 9a
and 9c). However, the magnitude of biomass burning aero-
sols is smaller in the 4 km simulations, which partly results
from heavier precipitation in the 4 km simulations (shown

by Wu et al. [2011]). The aerosol effects on clouds in the
4 km simulations are consistent with the results shown in the
36 km simulations (Figure 9b and 9d). The differences
between the PC4 and CC4 runs show that biomass burning
aerosols decrease liquid and ice clouds in the afternoon and
increase them at night and/or in the early morning. The
decrease of middle-level clouds in the afternoon is due to
the radiative effects of the aerosols while they provide more
moisture to form clouds at night (Figure 9¢). During the entire
simulation, the aerosol microphysical effect (Figure 9f)
increases middle-level clouds by providing more CCN, with
two maxima, one in early morning and one at night. The
overall evolution of aerosol radiative and microphysical
effects on clouds in the 4 km simulations (Figure 9) are
qualitatively similar to those in the 36 km simulations
(Figure 7). Partially due to the weaker aerosol concentra-
tions, the magnitude of cloud changes in the 4 km simula-
tions is smaller than that in the 36 km simulations. The
aerosol effects on temperature and vertical velocity in the
4 km simulations (Figure 9g and 9h) also show similar
patterns to those in the 36 km simulations (Figure 2), except
with weaker amplitude.

[27] Inthe 36 km simulations, the biomass burning aerosols
suppress surface precipitation in the afternoon and slightly
enhance it at night (Figure 5 and Figure 10). Both the sup-
pression and enhancement are mainly contributed by the
aerosol radiative effect (Figure 10). The aerosol micro-
physical effect generally opposes to the aerosol radiative
effect in the 36 km simulations with a relatively small
magnitude. The aerosol effects on surface precipitation
in the 4 km simulations (dashed lines in Figure 10) are
approximately similar to the 36 km simulations (solid lines
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Figure 9. (a) Difference of aerosol extinction (km™") between PC36 and CC36; (b) difference of liquid
(color) and ice (contour with interval by 0.1 mg kg_l; zero line is not shown) clouds (mg kg ') between
PC36 and CC36; (c) difference of acrosol extinction (km ') between PC4 and CC4; (d) difference of lig-
uid (color) and ice (contour) clouds (mg kg ') between PC4 and CC4. (e) Difference of liquid (color) and
ice (contour) clouds (mg kg_l) between PC4 and PCNR4; (f) difference of liquid (color) and ice (contour)
clouds (mg kg ') between PCNR4 and CC4; (g) difference of temperature (K) between PC4 and CC4;
(h) difference of vertical velocity (mm s ') between PC4 and CC4. Horizontal tick marks correspond
to 0000 UTC, which is 20:00 P.M. one day before in LST.

in Figure 10), with suppression of precipitation in the
afternoon and enhancement at night, but to a lesser extent. In
the 4 km simulations, the enhancement of precipitation at
night does not last long into early morning because the
timing of the peak aerosol radiative and microphysical
effects is shifted earlier compared to the 36 km simulations.
The relative magnitude of microphysical effect in the 4 km
appears greater than in the 36 km. On the 2-day average,
surface precipitation is reduced by about 3% and the

amplitude of precipitation diurnal cycle is reduced by about
5%. Overall, the two different resolution runs produce
qualitatively consistent results.

5. Conclusion and Discussion

[28] In this study, the biomass burning aerosol effects on
clouds and precipitation in the dry season of South America
are investigated using the fully coupled WRF-Chem model
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at two grid resolutions, 36 km and 4 km. It is shown that the
aerosol effects suppress surface precipitation in the daytime
and enhance it at night, resulting in a reduced amplitude for
the diurnal cycle of precipitation by about 11% (5%) in the
36 km (4 km) simulations. On the average of the 8-day
(2-day) simulations, biomass burning aerosols suppress
precipitation by 5% (3%) at 36 km (4 km) resolution. Clouds
decrease in the afternoon and increase at night and in the
early morning. The SWDOWN decreases by 15.90 W m >
while the OLR at TOA increases by 0.12 W m 2 averaged for
the 8-day simulations, corresponding to an overall decrease
of high level clouds.

[29] BC and OC are primary aerosol types for biomass
burning aerosols. The aerosol effects that manifest in our
simulations predominantly result from the absorption of
solar radiation by the absorptive aerosol BC. Both BC and
OC scatter solar radiation but the cooling effect is largely
confined within the PBL near the surface. The changes of
the local water cycle (clouds, precipitation and water vapor)
bear a clear diurnal variability, directly pointing to the
predominance of the aerosol radiative effect as the aerosol
microphysical effect does not necessarily imply a strong
diurnal oscillation. For multiday averages, the aerosol
microphysical effect may be more important as the diurnal
changes due to the aerosol radiative effect largely cancel
out. Our results are consistent with the earlier observational
analysis by Jiang et al. [2008], i.e., biomass burning aero-
sols over South America tend to reduce precipitation on
long-term averages.

[30] The modulation of the diurnal cycle of clouds and pre-
cipitation is a consequence of coupled aerosol-meteorology
interactions. For example, the warming of middle layers
due to aerosol absorption dissipates clouds in the afternoon
but increases moisture. At night, when the aerosol warm-
ing ceases to act, the enhanced moisture promotes cloud

growth and precipitation. The temperature and vertical velo-
city changes are initiated by aerosol radiative effects, but are
further modified by consequent convection, such as the
latent heat release due to condensation. We find hints of
“cloud invigoration” as hypothesized by Rosenfeld et al.
[2008] in that ice clouds are increased and elevated higher
(at night) when aerosols act as CCN, compared to the clean
environment (Figure 7d). However, such “cloud invigoration”
is not as evident in the 4 km simulations (Figure 9d) as in the
36 km simulations. Due to the imperfect simulations of ice
clouds in the model [Wu et al., 2011], caution needs to be
exercised when interpreting the results.

[31] When the biomass burning aerosols are transported
into the upper troposphere, significant upper tropospheric
warming and moistening are produced primarily owing to the
absorption of solar radiation by the aerosols. For the same
amount of aerosol concentrations, the aerosol heating effect is
much stronger in the upper troposphere than in the lower
levels. In our simulations after 1500 UTC 20 September,
the AE between 125 and 300 hPa is only about 23% of that
for the layer between 500 and 675 hPa. However, the aerosol
induced atmospheric warming in the upper troposphere is
about 2 times of that in the lower layers. This suggests a
potentially important pathway for aerosols to impact the
water transport from the troposphere to the stratosphere. Su
et al. [2011] analyzed satellite observations and showed
aerosols over South East Asia may cause increased temper-
ature and water vapor in the tropical tropopause layer (TTL).
Our model simulations indicate that the radiative heating
of absorbing aerosols in the upper troposphere may be an
important mechanism for the relations between observed
aerosol and TTL temperature and water vapor. Observations,
such as the Cloud-Aerosol Lidar and Infrared Pathfinder
Satellite Observations (CALIPSO) data, show that aero-
sols can be transported to the upper troposphere in a deep
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convective system [Wu et al., 2011]. Further investigation
will be conducted to quantify the aerosol effects on the
water vapor transport across the tropopause.

[32] The 36 km simulations and 4 km simulations show
similar aerosol effects, including the relative roles of aerosol
radiative effect and microphysical effect, despite of the use
of cumulus parameterization scheme in the 36 km simula-
tion. This suggests that using WRF-Chem at a meso-scale
grid resolution (a few tens of kilometers) is acceptable for
regional studies of aerosol effects. However, the magnitude
of aerosol concentration in the 4 km simulation is somewhat
weaker than that in the 36 km simulations, which may affect
the quantitative comparison between the 36 km runs and
the 4 km runs.

[33] However, some caveats should be noted in this study.
First, this study is only an 8-day case study. Longer period
simulations should be conducted in order to obtain a cli-
matic effect of biomass burning aerosols. Second, the
cumulus parameterization is used in the 36 km simulations.
As aerosol effects are not explicitly included in the cumulus
schemes in the current WRF-Chem, improvements to the
cumulus schemes are needed to better quantify the role of
aerosols. Moreover, aerosols are not treated as IN in the
current microphysical schemes in the WRF-Chem. Efforts
are ongoing to update the model microphysical schemes.
Continued investigation of aerosol effects, especially their
impacts on climate, will be carried out.
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